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ABSTRACT 

Multiple  spacecraft flying in  formation is a new paradigm that is  key to  
the success of several future NASA missions. These missions include  space- 
based  interferometers,  where  a  constellation of spacecraft  coordinate  their 
motion to  create a large  baseline  interferometer that is easy to  reconfigure 
and reorient. The coordinatiorl and  control of a  constellation of spacecrafts 
dictates several  interesting design requirements,  including efficient architec- 
tures  and  algorithms for formation  acquisition,  formation  reorientation  and 
formation  resizing. This  paper proposes the use of constellation  templates  as 
a uniform architecture to  address  these  problems. A constellation  template 
is a virtual  pattern,  with  an  inertial  position  and  orientation,  that specifies 
the desired  position  and attitude of  each  spacecraft  within the constellation. 
Using constellation  templates, efficient algorithms for formation  acquisition 
and reorientation  are  developed. 

KEYWORDS: formation  Flying,  interferometry, spacecraft,  constellation 
control. 

INTRODUCTION 

NASA is currently  planning several missions that will require  multiple  spacecraft flying 
in  precise  formations.  These missions include  space-based  interferometers,  where sevcxal 
spacecraft wit,h precisely maintained baselines reflect light to a  combiner spacecraft.  The 
success of space-based  interferometers,  and  other missions requiring  formation  flying, will 
depend on precise coordination  and  control of the spacecraft i n  thc  formation. Precisely 
maintaining  the baseline of a space-based  interferometer rccluires that a laser  metrology 
systenl  be usrcl to measlire thc  distance between the spacecraft,. Since thc mctrology systml 
is difficult to configure,  it is desirable that thc  motions of thc  spacecraft arc’ such that laser 
rrlct,rology syst,em  rrlaintains  sensor lock. This  constrains t,he  nlotion of t l ~  constellation to 
rcsernble a rigid body.  In t,llis paper we propose  a  simple architecture for addressing thc 
tasks of fornlation acquisit,iorl and reorient,at,ion. The coordination and control of multiple 
spacecraft flying in fornlat,ion was first addressed in [i]. 

1 



DEFINITIONS 

The  coordinate  systems used  in this  paper  are in Figure 1. The  coordinate  system labeled 

Figure 1: The geometry of formation flying. 

0 is the  inertial  coordinate  system, C is the constellation  coordinate system, R is a point 
of rotation for the constellation  and will be used in formation  reorientation,  and i is the 
coordinate  system  associated  with  the ith spacecraft.. The variables ((I, w ,  T ,  u )  represent 
the  attitude  (unit)  quaternion,  the angular velocity, the position, and  the  translational 
velocity, respectively. The superscript  after the variable  denotes the reference frame  in which 
the variable is measured,  the  superscript before the variable denotes  the  quantity  being 
referenced. Hence 'qc is the  attitude of the ith spacecraft  with respect; to  the  coordinate 
frame C. A subscript d will denote a desired quantity. 

To  simplify the expression for the  kinematic  constraints  on  the  spacecraft  it is convenient 

to  write  the  attitude quaternion as q = ( 71, e ) T  = ( eT cos (g)  , sin ($) ) , where e 
is the  Euler axis of rotation  and 4 is the angle of rotation  about e.  We will assume that 
each  spacecraft is governed by the following rigid body  dynamic  equations [l, 21: 

T 

where 7: is the control  torque, 7: is the environrnr.nta1 disturbance  torque, f z  is the  control 
force and f :  is the environnlental  disturbance force. The first three  equations clescribc the 
rotational  dynamics of the  spacecraft, ant1 the last two equat,ions describe t,he translational 
dynamics. 

A constellation ttmplatc is tlcfinctl as a  virtual  pat,tcrn, t,hat, specifies the desired  relativc 
position and  orientation of cach  spacecraft  with  respect  to t,hc coordinat,e system C .  Let 
M = {n"r?.},"=,, whore XI; is the modelctl mass of t,hc it," spacecraft, 3 = {j;}zl, where 
f ,  is the modeled  inertia. of' the itt' spacecraft, Q,i(t) = {'qs,''}~,, where 'q: is the desired 

2 



attitude  quaternion of the it,'' spacecraft  with respect, to C, and R/i(t) = { 7 ~ r ~ } ~ 1 ,  where i c  
is the desired  position of the it1' spacecraft  with  respect to C. We assume that  the desired 
relative velocity and angular velocity are zero for each  spacecraft: the constellation  as a 
whole can  translate  and  rotate,  but  the  relative position and  orientattion of each  spacecraft 
in the  constellation  remains fixed. 

A constellation  template is defined as  the following tuple 

(2) 

where the  coordinate from C is allowed to have  time  varying  position and  orientation. 
The  current  state of the constellation S can  be described in notation  similar  to  that of a 
template.  Let 

where M = {&&}El and Mi is the  actual mass of the ith spacecraft, Z = {I i}El  and Ii is the 
actual  inertia of the ith spacecraft, Q(t)  = { i q o ( t ) } ~ l  and Zqo is the  attitude  quaternion 
of the ith spacecraft  with  respect to 0, R(t) = { i w o ( t ) } E l  and 2wo is the  angular velocity 
of the ith spacecraft  with  respect to 0,  R(t) = {iro(t)}Ei=l and 2ro is the  position of the 
ith spacecraft  with  respect to 0, and V ( t )  = { z ~ ~ ( t ) ) ~ ~  and 2vo is the velocity of the ith 
spacecraft  with  respect to 0. 

Given a constellation S ,  we can define its  norm  with  respect to  the  template T ( C )  as 

where 'rc(t) = ' ro( t )  - Cro(t), Zvc(t) = 2vo(t) - Cvo(t) - c o  w ( t )  x 'rc(t), 2qc(t) = 
(cqo(t))* 'q0(t) and ' w c ( t )  = ZWO(t) - C w o ( t ) .  

In  the  next  two sections we will show how these  definitions can  be used to  state  and 
solve the problems of formation  acquisition and  formation  reorientation. 

FORMATION  ACQUISITION 

The  formation  acquisition problem is to control  each  spacecraft  such that  the constellation 
S is in the  formation specified by the  template 7'. The problem can  be broken into two 
steps.  First, find the orientation of the  template  that best  matches the  current  configuration. 
Second,  avoiding  collisions, cont,rol each spacecraft  such that its  coordinate axis  aligns with 
the  appropriate  coordinate axis in the  template.  These two st*eps can  be  written formally 
as 

Step 1: Find C ,  such  that, C ,  = argmin jlS(to)l/7'(C), 

Step 2:  Design a control law  for each  spacecraft  such  that, llS(t)llT(Co) -, 0 as t --4 ca .  
subject  to  the  constraint,  that lljro - 'roll > F ,  Vi # :j. 

The first step finds the position am1 oricntation of tllc template  that  best matclws the 
currcnt const,c?llation of the  spacwraft.  The second st,c?p rqylates  the spacecraft to tht. 
posit,ions and  orientations specified b,v t h  template, sub,jcct to  thc  constraint  tlmt  the 
spacxraft  remain a distance F apart, from (tach ot,httI. We will tlescribe an  approach  to each 
of t,hcse steps. 
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Step 1: 

A simple  approach to  step 1 is to ignore thc desired  orientation of the  spacecraft  and  to 
find a templat,e that minimizes the  distance  from  each  spacecraft to  its respective  desired 
position  in  the  constellation. If 

then a simple  gradient  descent  algorithm that minimizes F is given below. 

Given: are, irF, i, = 1 . .  . N .  

Initialize: 

cqo(o) = ( 0 0 0 1 )* 

Iterative Step: 

In  simulation, we have  observed that for y small  enough,  this  algorithm converges to  the 
appropriate values for and cqo. Various practical  and  theoretical  questions  still need to  
be  investigated. For example, convergence and  rate of convergence of the  algorithm. Also, 
we need to  show that  the Hessian of F is positive  definite and  investigate the existence of 
local minima of F for large N .  In  addition,  there  are more efficient methods to  do  gradient 
search,  and  the possible  gains  in  performance need to  studied. 

Step 2: 

The second step in  formation  acquisition is to control  each  spacecraft to  their desired po- 
sitions in the constellation,  avoiding collisions. Our  approach to  this problem will be to 
define a  positive  definite,  radially unbounded, pseudo-energy  function  such that, energy will 
be zero  when the  spacecraft  are in the desired  configuration and  the  energy  function goes 
to infinity  as  spacecraft the collide. Let 

conditions  and 

guarantees  that P is negative  semi-definite.  Addit,ional  heuristic terms  must bc added t,o 
'~l , i  to  guarantee  that P convc'rges t,o zero. 
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FORMATION  REORIENTATION 

The formation  reorientation  problem is to re-target  the  entire  constellation of spacecrafts 
under the constraint, that  the  formation must, rnove as a rigid body. The problem  can be 
formally stated as follows. Given (1) the  constellation S ,  (2) the  template T ( C )  such that 

cq2, determine a control  law, for each spacecraft,  such that ll”q2 - “qo(t)I/ --f 0, subject 
to  the  constraint  that l/S(t)/lT(c(t)) < > 0. The problem  can  be  decomposed into  three 
steps. 

l l s ~ o ~ l l T ( c ( ~ ) )  < 6, (3) a point of rotat,ion Rro, and (4) a desired orientation of the  template 

Step 1: First,  the  template is treated as a rigid body,  and  a  control law is derived  for 
controlling the orientation of the template. 

Step 2: Next,  the  motion of the  template is used to define the desired  position and  attitude 
trajectories for each  spacecraft. 

Step 3: Finally,  control laws are designed for each  spacecraft that cause them  to  track 
these  desired trajectories. 

Step 1. 

The constellation  template T can be used to uefine a virtual rigid body. The  inertia of this 
rigid body  about Rro is [3, pp. 431 

where I is the  the 3 x 3 
about ‘ro are given by 

identity  matrix. The  rotational  dynamics of this  virtual rigid body 
[I, 21: 

A virtual  control  torque r R  that asymptotically  stabilizes the  template is give11 by [l, 41 

where K l  and K2 are posit,ive constants  and where we have assumed that  the  attitude of 
R is identical to  the  attitudc of C ,  i.e., Rqy = cq2. 

Given the control law in equation (5), the  virtual  dynamics of the  constellation  can be 
integrated  to  produce desired traject,ories for the variables Cqo(t)  = ( c ~ l o ( t )  c ~ o ( t )  ) T ,  

and ‘uo(t) .  The next  st,ep is to t.ranslate  these  trajectories  into  desired  trajectories for 
each  spacecraft, to t,rack. 



Step 2. 

Geometrical  argument,s  can be used to show that  the desired orientation,  angular volocity, 
position  antl  velocity  satisfy  the following equations: 

"m = ( q @I)*  (":(to)) ( q ( t ) )  > 
R O  R O  i c  R.0 W d  ( t )  = - w ( l ; ) ,  

Step 3. 

The  third  step is to design tracking  controllers that cause  each spacecraft to  track  the 
desired trajectories. A control law for attitude tracking  control is derived  in [I, 41 and is 
given by 

The  translational  motion is controlled  via 

where KV' and Kpi are positive constants.  This control  law,  together with  the  translational 
dynamics of the spacecraft given in equation (1) result in second order  error  dynamics given 
by e + Kvie + K@e = f e ,  where e = 'rc - 'r:. 

that IIS(0)jlT < 6 implies that llS(t)llT < E for all t > 0. 
A critical  question that needs to be addressed is  how to choose the control  gains  such 

CONCLUSIONS 

In  this  paper we have  outlined an approach to autonomous  formation flying. The central 
theme is the use of constellation  templates.  Templates allow the  tasks of formation acquisi- 
tion  and  reorientation  to be addressed  in a uniform and consistent way. Simple  algorithms 
for formation  acquisition  and  reorientation were also derived. 
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